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1 Miscanspeed Phase 1 Summary

Technology Feasibility: During Phase 1 of Miscanspeed we analysed our commercial breeding
program and established the optimal GenomicSelection (GS) approach required to accelerate the
development of new improved Miscanthus varieties forthe UK market and beyond. We successfully
tested some of the key limitations via statistical modelling, considered logistics, and demonstrated
that GS has a high likelihood of success forkey traitsin our breeding populations. We generated a
detailed plan of the phase 2 project, including the protocols required and the implementation of
speed breeding, designed the bespoke modifications required to our facilities, and determined the
most appropriate recurrent selection populations and traits with which to undertake GS. We
determined the logistics for post-Brexit movement of seed and plant material, incorporating IBERS’
unique UK point of entry quarantine status.

Market analysis: We surveyed UK Miscanthus supply, investigated demand, and identified critical
failure pointsinthe systemto be addressed. We investigated 3scenarios outlining the impact that
implementation of GS could have on the capacity for UK biomass to reach its 2035 and 2050 targets.
The potential scale of markets in other countries means that new Miscanthus varieties are a
significant export opportunity.

Biomass supply benefits: We reviewed ourapproach to intellectual property and commercialisation,
and the scope for future breeding being funded by royalty income. We analysed the bottlenecks for

rapid upscaling of biomass supply and considered the opportunities for complementarity with other
Lot 1 and 2 projects.

Accelerated genomicbreedingis the only technology to offera step change inthe speed of
delivery of new Miscanthus varieties to increase yield and overcome the limitations of the current
clone Miscanthus x giganteus (Mxg), including resilience to environmental stresses such as cold
and drought, and biological risks from pests and pathogens. Advancesin complementary
technologies in Miscanthus agronomy and harvesting, and similarinnovations in willow, are also
importantto the UK’s net zero ambition.

2 Context: UK and International policy context for perennial
biomass crops and the role of Miscanthus

2.1 Demand for biomass crops to deliver decarbonisation
Increased availability of biomassisrequired for the decarbonisation of awide range of sectorsinthe
UK economy, including energy, transport, chemicals, manufacturing and construction, as outlined by
the Climate Change Committee (UKCCC, 2018), which also emphasised the changingrole of biomass
between now and 2050. The UK Climate Change Committee’s sixth carbon budget (UKCCC, 2020)
indicatesthatinthe longterm, biomass should be usedto sequestercarbon, where this also
displaces otheremissions (i.e. Biomass Energy, Carbon Capture and Storage, BECCS). Future biomass
demandis therefore highly dependent on successfulimplementation of UK Government greenhouse
gas removal (GGR) policy. The UKCCCregards BECCS (including for power, industry, hydrogen,
biofuels and bio-methane) as the predominant engineered GHG removal to be deployed by 2050 (52
out of a total of 57 MtCO2e/year of engineered GHGremovalsin 2050 is assumed to come from
BECCS inthe balanced scenario).

The extentto which thisis provided by UK biomass as opposed toimported biomassis similarly
dependent on policy, but underthe UKCCC ‘balanced net zero pathway’, 700,000 ha of perennial
biomass crops (assumed to be willow and Miscanthus) are indicated by 2050 (a total of 3% of UK



land area), planted at a rate of at least 30,000 ha per year by 2035 (UKCCC, 2020). Otherscenarios
indicate up to 1.4 million ha. This compares to a current total planted area of approximately 8,000
ha Miscanthus and 2,000 ha of willow (Defra, 2021), highlighting the urgency for rapid upscaling of
biomass crops. Furthermore, biomass crops offer additional benefits to the local environment
including soil carbon sequestration, improved biodiversity and flood management, which increase
the attractiveness of UK production compared toimported biomass.

International context: Estimates vary according to underpinning assumptions, but potentialareas
available for perennial biomass cropsinthe EU have been stated as being 15 Mha (Forsell etal.,
2016), 7-16 Mha (Ruizet al., 2015) and 47 Mha (Deppermann etal., 2016). More widely, estimates
of international biomass available to the UK, as published inthe UKand Global Bioenergy Resource
Model (BEIS, 2017), droppedsignificantly betweenthe 2011 and 2017 versions of the model, largely
dueto a decrease inthe estimated land available (between 79% and 90% lower, dependingon
assumptions made regarding suitability of land forfood production, which should be prioritised). As
indicated in the UKCCCs ‘Biomassin a low Carbon Economy’ (2018), at a global level, demandis
likely to be substantially greater than supply under almost all scenarios. The lack of availability of
UK produced biomass represents a significant missed opportunity and our reliance on imports will
become increasingly unsustainable and costly as demand increasesin other countries with
ambitions to reach netzero emissions.

Relative contribution of different biomass crops: Given the scale of ambition for perennial biomass
crop plantinginthe UK comparedto the current areas, we regard otherbiomass crops (e.g. willow,
short rotation forestry) as being largely complementary to Miscanthus (Bauen et al. 2010). Whilstits
peakyieldis dependent onsoil wateravailability, Miscanthus has avery high water use efficiency.
Willow has a significantly higher waterrequirementandis therefore more suited to the Western UK.
Proximity to potentialend users of the biomass, grower preference and end market requirements
(e.g. moisture content, processing requirements)are likely toimpact as much as environmental
factors on the choices made ata local level.

2.2 The role of Miscanthus in the biomass supply chain
Miscanthusisa perennial grass native to vast areas of Southeast Asiaand into Russia. It uniquely

combines the efficient C4 photosynthesis of maize and sugarcane with low temperature tolerance,
makingita unique biomass crop fortemperate zones.

Miscanthusisa carbon negative technology —the crop takes carbon dioxide (CO2) fromthe
atmosphere to grow and partitions the resulting photosynthate both above and belowground.
While the above ground canes are harvested annually, using established technology used forforage
maize, the extensiveroot system remainsinthe soil, assequestered carbon. The annual harvest
provides areliable incomestreamforfarmers and predictable input to the supply chain. Harvested
biomass can be;a) useddirectly, e.g. asanimal bedding, traditional or state of the art building
materials, or moulded e.g. into food trays, car parts etc.; b) burnt to generate heatand power,
releasing only CO2taken up during the growth of the plant, or combined with carbon capture and
storage (CCS) to maximise carbon reductions. Alternatively; c) via biorefining technologies, the
sugars from the biomass can be extracted and fermented to bulk fuels such as ethanol, orto high
value chemicals, such as xylitol, and the remaininglignocellulosic biomass be burnt for heatand
power. Using Miscanthus biomass directly sequesters the embodied CO2 and when used forfuel the
biomass displaces the use of fossilfuels. Current commercial yields are approximately 12t/ha for at
least 10 years inthe UK. In Aberystwyth we are breedingto increase yield and to overcome
current limitations of the commercial clone Mxg such as susceptibility to drought and frost that



limitthe productive geographical range. Future targets will include biomass composition to realise
the full potential of Miscanthus to generate high value products that are currently fossil-derived.

Despite the urgent need for perennial energy crops (UKCCC, 2020), uptake has beenrelatively slow
among farmers unfamiliar with the practicalities and business model associated with this novel crop.
There are therefore anumber of obstacles to be overcome if we are to realise the potential of
Miscanthus to contribute to decarbonising the UK as well as the additional benefits of the crop.

The vast majority of Miscanthus grown commercially worldwide has been Mxg, a naturally occurring
inter-specifichybrid (M. sinensis x M. sacchariflorus), a sterile triploid clone thatis clonally
propagated from rhizomes. Numerous technical developments are aimed at decreasing the costs
and increasing the efficiency of planting, establishment, harvesting etc.

Across Europe, there are a number of suppliers, and the triploid clone is marketed undervarious
different names, although theyall appearto be the same genotype (Glowacka 2015). A limited
number of alternative clones are now available, including Athena (Terravesta) which isreported to
have a higheryield than Mxg, as well as a higher calorificvalue and lowerash content when burnt.
While Mxg and Athena have many excellenttraits, we are now aiming to generate novel varieties
that not only outperform these and extend the areas over which Miscanthus mightbe
commercially grown, but also to introduce geneticdiversityinto the crop. There is now an urgent
needto develop new varieties for commercialisation, including seed-based varieties which offer
the potential for population-based plantings and upscaling of planted areas at rates that cannot be
achieved by rhizomes.

3 The importance of breeding Miscanthus compared to other
potential innovations in biomass feedstock supply chains

3.1 Benefits of plant breeding and genomic breeding
The ceiling for biomass supply is ultimately limited by the yield of the crop and the number of
hectaresonwhichitis grown. Producing new Miscanthus varieties targets both; improvements to
yield andresilience traits will resultin higherand stable interannual yields over awiderrange of
climate and land types.

The aim of plantbreedingistoselect plants with desirable characteristics and combine their genetic
diversity whilst eliminating unfavourable traits. The characteristics required vary between crops, but
typicallyincludeincreasedyield, qualitytraits, and environmental performance (e.g. resilienceto
climaticextremes, and to pests/diseases). Breeding programmes are continuous pipelines, with
improvedvarieties emerging on aregularbasis to meet the demands of the increasinghuman
population, changing environment and altered functional emphasis, e.g. CCS as well as diverse end
uses. The success of plant breedingis measured as geneticgain. Thisisthe increase in performance
thatisachievedviabreedingandisformalisedinthe Breeder’s Equation (R=h2S). The response (R) to
selectionis determined by the heritability (h) of atrait, and the difference in the mean of the value
of thattrait inthe selection compared to the meanvalue of that traitin the population (S, the
selection differential). Arecentreview of the socio-economic and environmental impacts of plant
breedingin Europe (Noleppa, 2016), has estimated that for the major arable crops, plant breeding
has contributed 67% of the innovation-induced yield growth, with agronomy contributing the
remaining 33%, highlighting the importance of accelerated breedingin addressing the urgent
biomass supply challenge.



Plantbreedingcyclesare longand require sustained effortin orderto realise ongoing geneticgain
overtime. Breeding perennials has the additional challenge of adelay of a number of years percycle
while the crop matures. With the adventand development of next generation sequencing
technologies, the cost of DNA sequencing has fallen, resulting in genome sequences being generated
for numerous crop species. With the availability of high-throughput genotyping-by-sequencing type
technologies, genomicbreeding becomes possible, and breeding cycles can rapidly use the
information encoded by the genome as markers to predict mature traits, thereby reducing
timeframes and plant-handling costs relative to traditional breeding cycles. GS has emerged as the
leading genomic breeding technique overrecentyears andis already applied in wheat, rice and
maize. With the publication of the Miscanthus genome (Mitros et al. 2020) and reduction in
marker costs, now is the perfect time to apply GS technologyin order to overcome the challenge
of bringing new varieties to market in order to realise the potential of this multifunctional carbon
negative crop.

GS is atechnology provenin other crops, with the potential to radically disrupt Miscanthus breeding.
Whilst technical innovations in agronomy can reduce the performance gap (i.e. the difference
betweenyield onfarmand the theoretical maximumyield), the development of new varieties has
the scopeto resultin a step-change in biomass supply, and as such, innovations that accelerate
breedingare urgently neededin orderforthe UK Governmentto deliveronits net-zero
commitments. Thisinnovationis stand alone; it would not be negatively impacted by a lack of
innovation elsewhere in the Miscanthus feedstock supply chain. Neither does it conflict with other
innovations. However, there is clearly scope for cumulative benefits from innovations proposedin
BEIS phase 1 projects; for example, innovations in establishment agronomy would allow the benefits
of a higheryieldingvariety to be realised earlierin the plantlife cycle (e.g. project OMENZ,
Terravesta), and innovations in automated weeding and harvesting operations (e.g. as proposed by
University of Glasgow) would increase profit margins and potentially expand the areas of land suited
to Miscanthus. As statedinsection 2.1, the UK ambition forscaling up domestic biomass production
isextremely ambitious, and we therefore regard other crops (e.g. willow, short rotation forestry) as
being entirely complementary to ourintentionto provide Miscanthus varieties to the UK market.

3.2 The need for new Miscanthus varieties
The commercial clone Mxgis a sterile triploid hybrid, propagated by rhizome. All clonally propagated
material has ultimately arisen from asingle wild plant, and is genetically identical (Dongetal, 2019).
A monoculture has the potential to become susceptibleto a pest or pathogen, e.g. small mammals,
insects, fungi, bacteriaorviruses, and without geneticdiversity, if one plantis susceptible thenthe
entire cropis at risk. The genus Miscanthus originates from avast geographicareaacross South East
Asia, and includes vast diversity both within and between the different Miscanthus species. In the
wild Miscanthusis robust with relatively few pests and diseases, however as well as the natural
toughness of the plant, thisis likely due to the huge diversity within this outbreeding speciesin
whicheveryseedisaunique geneticcombination. Asian pathogens of Miscanthus are primarily
insects such as the stem borer whichis not native here and would be identified and eliminated upon
guarantine into the UK, however rusts have been observed on Miscanthus, highlighting the
importance of maintaining mixed genetic populations, or planting mixes of different genotypes asis
the practice in willow, to maintain diversity and hence resilience to whatever may harmthe crop.
Miscanthusisa perennial crop and so must survive and generate high yields over successive seasons;
establishment costs are relatively high and return oninvestmentis delayed as the crop takes a
minimum of one growing season to establish beforeacommercial harvest can be taken. It is



particularly importantin perennials that plants remain healthy so as not to reduce the overall life
span of the commercial crop.

Aberystwyth curates alarge and diverse Miscanthus collection collected from across Asia. Its wide
geographical distributionis associated with great diversity within the genus, including multiple
species with different adaptations which provide an excellent resource forabreeding program, but
alsoa challenge interms of identifying the best material to selectand combine. Aswell as the
parental species, which may be diploid ortetraploid, intra- and interspecific hybrids occur naturally
inthe wild and wide hybrids can be generated even beyond the genus, demonstrating the plasticity
and potential of the C4 grasses. The primary aim of the breeding program s to use this material to
generate superior Miscanthus varietiesin terms of crop yield, resilience and quality. Key to thisis
understanding the genetic potential of the different Miscanthus genotypes themselves, and how
these can be combined to produce the optimal progeny and hybrids. There are multiple potential
approachesina breeding program, e.g. seed populations, selectingand combining clones from seed-
based populations, or breeding F1 hybrids, each with advantages and disadvantages. The GS
approach we are proposing will further our understanding of the genomicunderpinnings of the
traits of interestand their heritability and robustness in recurrent selection populations.
Application of this understanding will accelerate breeding of novel clones and seed populations.
Outcomes will include optimised M. sinensis and M. sacchariflorus populations for use directly as
mixed clones or populations, and also improved parents for future interspecific hybridisation.

Extensive multi-location trials and modelling have revealed that the climaticand geographiclimits to
Mxg cultivation are primarily based on temperatures and water availability. By increasing the genetic
diversity, particularly in resilience traits, we will be able to extend the growing zones overan even
widerarea— to the North with overwintering/cold tolerance, and to the South with wateruse
efficiency/drought tolerance; Hastings et al. (2009) modelled the potential impact on biomass
production of doing thisand predicted anincrease in overall energy productioninthe EU of 88% if
droughtand frosttolerance based from parental species wasincorporated. Theseresiliencetraits
are underactive research at IBERS, Aberystwyth University, and will becometargets for GSin the
comingyears.

With the speed of predicted climate change, and the associated increase in extreme weather events,
it iscritical that we future-proof this perennial crop. Commercial Miscanthus must stand forover 10
years and not only survive butyield regardless of the seasonal variability. We therefore need to
optimise the use of ourdiverse germplasmin orderto capture the traits which produce the highest
possible yields, butalso combine these with resilience traits to protect the crop against multiple
extreme weather events overthe lifetime of the stand, now and into the future.

The overall aims of breeding Miscanthus are to:

Develop varieties with higher biomass yields and improved quality characteristics.

Develop varieties forarange of climaticzones, focussingon the UK climate initially.

Ensure the crop can withstand the extreme weather events that will result from climate change.
Develop resilienceto pests/diseases by breeding seed-based varieties (both intra-specificand
inter-specific) to allow populations of plants to be grown as opposed to genetically identical
monocultures.

> wnN e

5. Developseed-basedvarieties to supportamore rapid industry scale-up than would be possible
with clonal material.




3.3 The current approach to Miscanthus breeding in Aberystwyth
A. Paired crossing. These crosses are performedin controlled environmentsinthe UKin order to
control flowering synchronisation (M. sinensis and M. sacchariflorus have diverse flowering times).
These crosses goon to breeding nursery trials for assessment (stage 4 below). This approach was
used to create our currently licenced varieties, butas GS improves ourrecurrent selection
populations we expect paired crosses to become lessimportantin breeding.

B. Population breeding. The current breeding approach, primarily focused on the generation of
inter-species Miscanthus hybrids, is based on conventional phenotypicselection and consists of five
stages:

1. Creation of within-species syntheticpopulations.
Leading germplasmfrom among our~1500 wild collections are selected forkey traitsincluding high
biomass, developmental and quality traits, and ability to generate excellent progeny. A limited
number (typically 8) of our most promising plants are selected as parents for each synthetic
population. To date we have established six synthetic populations representing different Miscanthus
species and subtypes.

2. Improvement of synthetic populations (recurrent selection).
Each synthetic populationis planted in crossing plots to enable polycrossing of all parental
combinations. Seed is collected from each plantand large numbers (up to 1000 per population) of
individuals are planted outin the field. After 3years when the plants reach maturity, a small number
(<10) of the best progeny are chosen based on mature plant phenotypicdata, and these plantsthen
become the basis of the parent population forthe nextrecurrent selection cycle. Outputs of the
recurrent selection populations may be evaluated as novel intra-specific hybrids.

3. Generation of inter-specific hybrids (Optional).
The selected parentsfromthe recurrent selection populations are placed into new interspecific
crossing plots, either with selected parents from another recurrent selection population or
genotypes demonstrated to be outstandinginterspecific parents.

4. Breedingnursery trials.
Seeds fromthe syntheticpopulations and inter-specifichybrid crosses are collected, and ca. 20-60 of
the best progeny per maternal genotype are planted outin breeding nursery trials. When mature,
the progeny with desirabletraits are selected forevaluation as putative hybrids.

5. Hybrid upscaling (intra- or inter-specific).
Clones of both maternal and paternal plants are plantedin seed production plots. The resulting
hybrid seeds then go onto commercial evaluation; multi-location trials, agronomy development and
assessment of biomass yield and quality.

3.4 Other Miscanthus improvement programmes
Europe: Anintraspecificbreeding programme with afocus on biomass quality traits for
bioconversionin M. sinensis is based at Wageningen University & Research (WUR) in the
Netherlands but has not yet produced any commercially available varieties. We regularly collaborate
with WUR on Miscanthus, with a particular focus on multi-location trials across Europe
(Lewandowski et al. 2016).

USA: The University of lllinois breeding programme is focussed on cell wall traits (relating specifically
to improving the scope for Miscanthus as a liquid biofuel) and improving winter hardiness (a
problem with Mxg that precludes significant expansion across USDA zone 5b). We actively
collaborate with lllinois, most recently on sequencing the M. sinensis genome. Theiranalysis of



germplasm has demonstrated that many Miscanthus varieties on the marketare in practice Mxg;
e.g.the clone Mxg ‘Illinois’ has the same origin as European Mxg (Dong et al. 2019).

Asia: There are a number of small scale and highly trait-targeted breeding programmesin China,
South Korea and Japan, including:

e Chinese Academy of Sciencesin Nanjing has a programme to breed saline -tolerant Miscanthus
varieties suitable forlarge area of saline contaminated lands in eastern China

e SouthKorea— National Seoul University has collaborated with partnersinSiberiato breed
extreme-cold tolerant varieties.

e National Hokkaido University (Japan) has a programme aimed at producingvarieties for
contaminated land.

We actively collaborate with other Miscanthus breeding institutions on underpinning science, pre -
breedingwork and variety evaluation, and itis ourview thatas is the case forothercrops, this offers
significantadvantages, both to variety development (e.g. with integrating specifictraits once they
are betterunderstood), and forincreasing the scope for expansion of the crop into new markets
internationally. Each program has its own targets and will likely be complementaryinthe longer
term.

The key achievements of the Aberystwyth Miscanthus programme to date are:

1. Collectionand curation of the largest Miscanthus germplasm collection outside Asia.

2. Thedevelopment of fundamental underpinning science on plant physiology including yield
components, flowering, senescence, stress tolerance and cell wall characteristics.

3. Initiation of abreeding programme with this germplasmin accordance with International Good

Practice, culminatingin the licencing of varieties to a UK company and entry into CPVO registration

trials within 15 years.

4. Collaborationinthe international publication of the M. sinensis genome, and publication of the
draft M. sacchariflorus genome with the Earlham Institute.

5. Developmentof Miscanthus agronomy, including that required for seed-based varieties.

6. Associated work on environmental aspects of the crop (e.g. carbon fluxes, land suitability,
environmental tolerances).

7. International collaboration with other Miscanthus researchers and experimental breeders
includingin Europe, the USA, and Asia, evidenced by extensive publications.

3.5 International conventions on ethical use of germplasm
Any geneticresources collected since 1993 need to abide by the UN Convention on Biological
Diversity (CBD) which was furtherelaborated in the Nagoya Protocol in 2010. The Nagoya Protocol
providesatransparentlegal framework forthe effective implementation of CBD’s third objective
‘access and benefitsharing’ (ABS). Both CBD and the Nagoya Protocol/ABS are transforming the way
geneticresources are accessed and utilized, and are havinga profound impact on conservation,
biodiversity and the ethical use of geneticresources onaglobal scale. AU’s Miscanthus genetic
resources collection protocols and practices are consistent with the CBD’s principles on safeguarding
biodiversity, respecting conservation needs, and ABS. We have developed bilateral agreements with
Chinese, Japanese, South Korean and Taiwanese Institutions covering access to the specifically
collected germplasm forscientificevaluation and exploitation. We have been working closely with
Defra’s CBD and ABS related staff to ensure that all our collections are compliant with the principles,
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clauses and sprits of CBD and the Nagoya Protocol/ABS (in a process reviewed by Huanget al.,
2019).

Miscanthus collections that pre-date these agreements are widespread (e.g. ornamental specimens
in botanicgardens, plants from experimental breeding) and the geneticorigin of many of these is
unclear. Naming conventions also add to the confusion e.g. types designated ‘Miscanthus giganteus’
exist with multiple ploidies (Dongetal. 2019), and the commercially planted triploid clone Mxgis
marketed underavariety of names. Additional clones whose geneticoriginis unclearare likely to
enterthe marketinthe near-term.

4 Integrating Genomic Selection into Miscanthus breeding

4.1 Background to genomic selection as a breeding approach
With the advent of next generation sequencing and the availability of sequenced crop genomes,
genomics assisted breeding has transformed whatis possible in plantand animal improvement
programs. Previously selection was only possible from plant phenotypes, which might be influenced
by maturity, the environmentin which they are grown and the seasonal variation. However, once
genomictraitassociations have been established, GS can be applied, directly from the genomic DNA.
The key benefits of this approach are a) that it allows traits of interest to be selected atthe seedling
stage, thereby reducingtime and the costs associated with growing plants to maturity in the field,
and b) that the effect of environmental conditions are excluded. Although asequenced genome is
not essentialforGS, it helpstorealise the full potential of the technology. Initially only limited crop
genomes were prioritised due to the prohibitive costs of genome sequencing; as sequencing
technology hasimproved, and costs come down, more genomes are becoming available and
genomicbreedingisnolongerrestrictedtoa limited number of high value crops. With the
availability of the Miscanthus genome (Mitros et al., 2020) we believe that this is the perfecttime
to adopt GStechnologyin Miscanthus. Furthermore, we intend to combine this with speed
breedingtechniquesinorderto make the most geneticgain in the shortest possible timeframe.

GS requiresthe rapid andreliable tracing of a selected subset of genomic markers for trait
associationsin successive generations of plants. The two components are therefore genomic
markers associated with traits of interest and the plant populations on which the GSis to be applied.
Genomicprediction (traitassociation) models have beenimplemented successfully in commercial
breeding programmes forannual food crops such as maize, aclose relative of Miscanthus, (Rice &
Lipka, 2021) and wheat (Tessema et al. 2020). Creating a genomic prediction model requires a
population of plants with wellunderstood phenotypiccharacteristics (traits) toactas a training set.
DNA s extracted from each plantinthe population and mole cular markers developed. The key
requirements for developing an effective model are; a) a relevant training population; b) availability
of suitable genomic markers; c) ability to undertake rapid genotyping at seedling stage; d) good
phenotype datawithinthe training population. GS removes the need to wait for the progeny to
reach maturity, by usingthe trait-associated genomic markerinformation at the seedling stage. The
predictions eliminate the need to wait forthe large number of seedlings to mature in the field by
allowingthe best new recurrent parent plants to be selected using the rank ordered predicted trait
values.



We have selected two recurrent selection poolsinwhich toapply GSin Miscanthus, as these
represent the two parental species (M. sinensis and M. sacchariflorus) which combineto generate
the highestyielding hybrids such as the commercial crop Mxg. The aim is to optimise each species
group using GSin order to optimise the generation of high-performing wide hybrids in the future,
similarto the A and B groups employedin elite F1 maize breeding.

The application of GS in Miscanthus breeding would:

1. decreaseinthetimetakenforarecurrentselectioncycle from3yearsto 1 year
significantly reduce the number of progeny that need to be grown to maturity in this step of the
breeding process

3. enabletheintegration of additional trait selectioninthe mediumandlongtermbased onan
improved understanding of the Miscanthus genome, thus offering an effective breeding
platform forthe future.

4.2 Progress towards genomic selection in Miscanthus
There are a number of differences between Miscanthus and annual grain crops; the domestication
process has only justbegun and breeding programmes are comparatively small. Furthermore, the
target traits are notthose typically targetedin cereal crops and so are less well characterised, and
the mature phenotype does not develop untilthe plantis 3 years old, which adds to the challenge of
creatinga training population. However, the genome sequences for Miscanthus species have
recently become available, and theirsimilarity to other C4 grasses in which GS has been successfully
implemented (e.g. maize) provides additional confidence that GS could have a transformative impact
in Miscanthus breeding.

Key to making accurate marker-based selections are the GS models. Miscanthus yield and resilience
traits have complex underpinning genetics and are therefore difficult toselectforinabreeding
programme. Forexample, yield relates to both the length of the growing season, i.e. timing of
establishment, flowering and senescence, and the stem components, height, thickness and number.
Itistherefore importantto first establish robust genome trait relationships via statistical modelling.
We have previously demonstrated successful model developmentin both a population of 138 M.
sinensis genotypes (Slavovetal. 2014, Davey et al. 2017) and in Phase 1 we have analysed the data
froma larger, multi species trial of 952 diverse genotypes.

Our first GS study in Miscanthus comprised a population of 138 M. sinensis genotypes (Slavov et al.
2014) and demonstrated that traits of interestincluding flowering time, senescence, stem diameter
and talleststem height werewell predicted. The trait-associated markers developed forthese trials
were initially identified without a reference Miscanthus genome by alignment to the sorghum
genome (using SAMtools). Many key traits are composites of multiple traits, e.g. yield isimpacted by
stem height, width, and number. Selection indices integrate multipletraitsinto asingle value that
the breedercan designto be a balance of a range of traits of interest. Selection on this multi -trait

Our background IP that we bringto the project therefore includes demonstration that:

1. Keyselectiontraits have good predictive ability
2. GScan be undertaken with small training populations
3. Translating GS into our commercial Miscanthus breeding programme is feasible
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selectionindex then selects all the traits of interest at once. This approach is routinely used in animal
breedingbutisstillinitsinfancyin plant breeding. Following the demonstration that GS is a viable
technology on multiple Miscanthus species, we developed selectionindices (combining traits such as
emergence, senescence and flowering time) that significantly improved the predictive ability of the
yield models (Davey et al. 2017).

In Miscanspeed Phase 1, the GS analysis was expanded into a large trial, comprising 952 genotypes
very diverse intheirmorphologies and original geographical locations, and including multiple species
and hybrids. The plants have been genotyped and the markers mapped onto the recently published
M. sinensis reference genome which has enabled the generation of alarger number of informative
markers (usingthe Tassel GBSv2 software pipeline). The use of the Miscanthus referencegenome
allows usto betterleverage the genome informationtoinformthe GSwork and to identify genomic
markers significantly associated with traits of interest via Genome Wide Association Study (GWAS).
With sufficient marker coverage, the genome positions of these markers can then be used to identify
genesassociated with the traits. Selecting on genomicinformation as opposed to phenotypic
informationis more robustasit is not susceptibleto modification by the environment. For this
reason, traits with high heritability are selected for use with GS.

Marker analysis revealed eight species groups within the 952 genotypes, and GS was successfully
demonstrated foreach of these separately. The traitsinvestigated included yield, morphological
traitsimportant for yield, emergence, flowering and senescence, and quality traits such as moisture
content, ash and lignin. Many of these traits are laborious and/or expensive to measure, making
genomicprediction particularly attractive. These results have informed our decisions on which
breeding populations and traits to targetin Miscanspeed Phase 2, asthe within-species groups are
analogoustothe recurrentselection populations we propose to use. Different traits will be
optimisedinthe two synthetic populations, including stem heightand senescence in M.
sacchariflorus and stem number, leaf:stemratioin M. sinensis. Furthermore, these data have been
used to model the impacts of different marker numbers on GS efficiency which in turnimpacts the
selection of markertechnology for our phase 2 project.

Summary of GS model developmentin Miscanspeed Phase 1

1. GS modelshave been established for multiple Miscanthus species usingthe newly available
Miscanthus sinensis genome and have informed our decisions on the recurrent selection
populationsforPhase 2

2. Keytraits have good predictive abilities and other potentially useful traits with good predictive
abilities were identified

3. Theresultsdemonstratedthatthe training population sizes proposed for Phase 2 can give good
GS predictive abilities

4. The data were usedto model the impact of different marker numbers on GS efficiency to provide
information forthe selection of the markertechnology for Phase 2

5. Selectionindices have been demonstrated in Miscanthus species withaview tousingitto
implement multi-trait selection

6. Softwareinfrastructure hasbeendevelopedandisavailableforapplicationinPhase 2

7. GSisaviabletechnologyforour M. sinensis and M. sacchariflorus recurrent selection populations
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4.3 Phase 2 implementation — integrating GS into Miscanthus breeding
Miscanthus breeding at Aberystwyth has been integrated with fundamental research onthe cropin
orderto both domesticate and breed this wild genusinto acommercial biomass crop within decades
as opposed to the millenniataken by established crops such as wheat and maize. Breeding and
research has been funded by diverse sourcesincluding BBSRC, commercial and EU and, to date, has
involved partnersin dedicated crossingand growing environments across Europe. Incommon with
othercrops, Miscanthus floweringis delayed in northern latitudes and crossing blocks are often
situated closerto the equator. Furthermore, Miscanthus can take up to 3 yearsto reach maturityin
the UK, a yearmore than inits optimal growing conditions. While flowering time diversityisa
challenge forseed production, in this project we are using recurrent selection populations of M.
sinensis and M. sacchariflorus in which flowering has been synchronised in previous generations.

A. GenomicSelection

To date, recurrent selection pools have been generated in Miscanthus by selecting 8 parents for
polycrossingto generate the next generation of seed. 1000 seedlings are then grown to maturity and
evaluatedinthe field to selectthe best 8 forthe next round of polycrossingand soon. The
evaluation trials have been performed in Germany as the plants reach maturity a year earlierthere
than theydoin the UK where plants are generally considered to be mature by the end of year 3.
Using GS in combination with speed breeding techniques we aim to complete the crossingand
selection cycle withinayear, andinthe UK, summarisedin Figure 1.

8 x CO* Polycross 2022 o Genomic selection (GS)
parents 1. Marker analysis on 1000 CO seedlings
2023
. Polycross
Polycross 2\823 2. Use GSto select 8 for polycrossing to
.
2019 generate C1 2023

COTS* C1* 3. Repeatsteps1 and 2 on subsequent
generationsin 2024 and 2025

Training Set (TS) Polycross respectively
1. Phenotype mature (Y2) COTS in 2024 o
Germany 2022/23 - Valldatuon' ‘
2. Combine phenotypic data with c 1. Establish COTS in UK 2023
marker data to generate GS model 2. Establishtrial comprising the 8
2023 parental plants for each cycle 2023-25
3. Repatriateto UK 2023 3. Establisha trial of 300 randomly
4. Phenotype (Y2)in UK 2025 selected plants per cycle 2023-25

*For each parental species (M.sinensis and M.sacchariflorus)

Figure 1. Summary of the GS cycle proposed in Miscanspeed Phase 2

GS requiresatraining set, a population of plants with geneticrelevance to the breeding population,
which are used to generate the GS model whichisthen appliedtothe breeding cycle. The current
generation of both populations, designated COTS for this project will be genotyped and phenotyped
in Germany, where they will be mature in 2022, in orderfor trait associations to be made to train
the GS model. Inyear1, we will recreate this cross from the 8 COsin and 8 COsacch parentsto
generate COpopulations for GS. CO seed will be planted in glasshouses in Aberystwyth and sampled
for genotyping once they reach asufficientsize. DNA will be extracted from leaf material and
genotyped. The GSmodel developed forsibling population COTS will be applied to determinethe 8
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COsinand 8 COsacch selections for polycrossing to generate the next generation, C1, and this cycle
will then be repeated.

The 8 COsin and 8 COsacch plants will be plantedinthe fieldin Aberystwyth for future evaluation,
and the subsequent parentalselections will be added annually. Concurrently alarger trial of
approximately 300 progeny pergroup per cycle includingthe originaltraining sets (COTS) will be
established to evaluate the geneticgain each cycle and retrain the GS model in the future as is
standardin GS breeding programs (Figure 1).

B. Speed Breeding
There are three key elements that need to be optimised for speed breeding:

1. Rapidcycling (achieving flowering within ashort growth period allowing for a truncated
growth season due to selectionviaGS early in the growth season)

2. Floweringsynchrony (achievingimproved levels of flowering synchrony between diverse
genotypes)

3. Seed production (achieving sufficiently high year 1biomass production to produce high
numbers of seed).

A key component of GS-accelerated breedingis the ability to undertake annual seed-seed cycles,
with seeds produced in the autumn being sown in glasshouses overwinter and cultivated to mature
flowering plantsthat flower and setseed the following year. Ourcurrent breeding practice istosend
plants to Southern latitudes for crossing where the plants mature more rapidly thaninthe UKand
seedsetisreliable. Thisaccelerated plant maturation allows the rapidity of GSin recurrent selection
cyclesto be fully exploited.

In Phase 1 we compiled the protocolsrequired forthe Sothern latitude work in collaboration with
Energene Seeds Ltd. Protocols relating to the post-Brexit changesin procedures for movement of
plant material between countries were also developed. These will be included as schedules to future
legal agreements between Aberystwyth University and Energene Seeds Ltd.

A key limitation to plant breedingis the synchronisation of flowering time in parental plantsin
orderto generate good seed set. During Miscanspeed Phase 2, the parental accessions will be grown
in crossing blocks in the environments anticipated to optimise flowering synchrony on El Hierroin
the Canary Islands. Plants willbe monitored for growth and flowering, and meteorological stations
will capture the associated climaticdata. In Miscanspeed Phase 2 we will also replicatesouthern
latitude environments in our controlled environment glasshouses (Venlos) in Aberystwyth. Initially
we will modify two Venlo compartments at Aberystwyth to enable us to mimicthe light and
temperature variations that provide flowering synchronisationin El Hierro, and these will be
adjusted annually as we incorporate the meteorological datafrom the crossing sites on El Hierro
using the environmental monitoring equipment at the two locations targeted for M. sinensis and M.
sacchariflorus respectively. This will provide data on the precise combinations of temperature and
photoperiod to be simulated within glasshouses at Aberystwyth.

Itisanticipated thatthe seed setfromthe outdoorcrossing blocksin El Hierro will be superiorto
that inthe glasshouse in Aberystwyth, but by the end of the project we aim to demonstrate that UK
based seed production can be achieved sufficiently reliably to support the annual speed-breeding
cyclesthat are required tofully harness the potential of GS within ourrecurrentselection
populations.
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In subsequentyears the parents of the recurrent selection pools will be replicated and grown at
alternative altitudes on El Hierroin order to determine and refine predictions of the growth
trajectoriesthatleadtoflowering. Inthe Venlos we may also deliverthe factors thatare required to
induce floweringin away that differs tothose in the natural environment (i.e. simulate an ‘ideal’
environment) including via altering the light spectrum, use of infra-red heat, and modifying
humidity. Ouraim is to determine the critical factors that are necessary to produce flowering
synchrony among our recurrent selection populations allowing themto be reliablyreplicatedin
controlled environments. We will optimise plant growth conditions for robust plant growth and
monitor seed setin the CE at Aberystwyth.

Project plan

We have developed aproject planfor phase 2 of the project, the science component of which is
based on the GS cyclesillustratedin figure 1. WP1 consists of governance and management
activities. Field trials (of the training set population and the recurrent selection progeny) comprises
WP2. WP3 and WP4 cover genomic markergeneration and GS modelling respectively. Accelerated
maturation and crossing will be carried outin glasshousesinthe UK (WP5) and Southern Latitudes
(WP6). WP7 consists of knowledge exchange and commercialisation.

4.4 Breeding cycle time using genomic selection compared to conventional

phenotypic selection
The geneticgain possible by integrating GSintothe breeding

programme isillustrated by the number of recurrent selection Current program Program with GS
cycles possible within afixed time period. For crosses carried out Cross €0 2022 Cross €0
in 2022 and a conventional breeding approach based on 5033 ,.--r--Selec;Ci )
phenotypicselection we would be assessing our first new ,...—-Selectt‘ 2525 ¢
selectionin 2027, whereas we would be on our 5™ selection cycle select (1 2024 | Cross C2
if GS was used in combination with accelerated plant maturation R T
(Figure 2). Cross C1 -V-Se|eth\ Ezs 3
20 | -
With conventional phenotypicselection, plants within our _,___,_59|ei}“és5$ “
recurrent selection pools are grown to physiological maturity (2 Select C2—__ 2027 Cross C5
yearsin Germany, 3 yearsrequired in UK conditions) before being Crose O 2028 | ""Smeg_;i «
assessed fortraits of interest. The best plants are then used as __Select (7
parentsforthe nextrecurrentselection cycle. A key advantage of 2029 i 59'3585 7
GS selectionisthat selections can be made at seedling stage, so 2030 | ) GEI_OSS s
reducing each cycle to a single year (Figure 2). Using phenotypic Select G~ __Select (9
selection, crosses made in 2022 are then plantedinthefieldin Lross L3 2031 __Se‘eft"‘é;%@
spring 2023 and assessed in spring 2025 when the bestare 032 | Crose C10
selected (first selection). These plants are then crossed in 2025, o | 59‘ec_t CM_
with the resulting seedlings being planted outin spring 2026, for Select CA~___ Se\ecttr%slszul
assessment and second selection in spring 2028. Using GS, crosses 2034 | Cross C12

made in 2022 are assessedinspring 2023 and the firstselectionis
made. These plants are then crossedin 2023, allowingthe second
selectionto be made in 2024.

Figure 2. Comparison of
conventional(current) breeding

5 Commercialisation

The approach takeninthis project was to: a) review typical approaches to commercialisation and
plantbreeding and the nature of the assets within breeding programmes; b) review currentand

14



potential future assets within the AU breeding programme specifically; c) investigate the current and
future marketdemand forthese assets; and d) estimate the impact of commercialising the assets on
the UK’s ability to meetits biomass targets and combat climate change, and also on revenue
generationtofund future breeding.

5.1 Plantbreeding at Aberystwyth University
Aberystwyth University (AU) has an excellenttrack record in plant breeding and commercialisation
of varieties across arange of crops including oats (licenced to Senova), forage grasses (Germinal),
peas and beans (Wherry & Sons). IBERS isthe UK marketleaderin winterand spring oats (IPO,
2016). Varieties have been marketed by Senova (previously Semundo) since the 1980’s. Thisincludes
both husked and naked oats. IBERS varieties are estimated to make up 83% of the UKseed area of
winter oats. Total UK planted areas for oats were 210,000 hain 2020, with a market value of £150
million (Defra, 2021b). IBERS forage grass varieties dominate the UK market; estimated to be 39%
of the UK market share for grass and herbage, with the nextlargest being DLF with 14.9% (IPO,
2016). With our unique expertise in the commercial breeding of diverse crops, including of
perennial grass species, we are ideally placed to bring novel Miscanthus varieties to market for the
UK.

The University has an extensive collection of Miscanthus genotypes which forms the basis of its
breeding programme. In the early 2000’s a review of the diversity of the germplasm available
determined that much of the germplasm held by botanical gardens, institutes, horticultural suppliers
and private collections was of unknown origin, having been collected many years previously. Three
potential problems arise from this. Firstly, the germplasm might notincludethe full range of
potentially desirabletraits that are exhibited by the plantinits native habitats, so collection of more
wild source germplasm was desirable in orderto capture key traits such as biomassyield and
tolerance of bioticand abioticstresses. Secondly, lack of data on the environmental envelope from
which the plant was collected would lead to uncertainty about its potential suitability for UK
conditions. Thirdly, the issue of ownership and clarity of rights and benefits also arises.
Consequently, anumber of collection trips (2006-2011) were organised. Thishasresultedina
collection of 1500 accessions from 500 sites across Eastern Asia, including China, Japan, South Korea
and Taiwan. Sites were specifically chosen to ensure arange of environmental envelopes. Significant
elements of this work were undertaken in conjunction with Ceres (a US plant science company with
an interestin Miscanthus breeding). Exploratory crosses, phenotypic characterisation, aformal
breeding programme and the development of seed production techniques followed, and has
culminatedinthe exclusivelicencing of 10varietiesto Terravestain 2020, with 6 varieties
undergoing DUS (distinctness, uniformity and stability) tests at the Community Plant Varieties Office
(CPVO). The examination period on these varietiesis expected to culminate in theirsuccessful
registrationinthe first quarter of 2022.

5.2 Current and potential future assets in the Aberystwyth Miscanthus breeding

programme
During phase 1 we undertook a review of models for funding plant breeding, the nature of the as sets
involved in Miscanthus breeding, and the likelihood of market failure, summarised in Appendix 3.
We do not regard the GS models we would develop duringa phase 2 project as assets we could
commercialise, asthey would be specificto the germplasm populations on which they were based,
and to the (UK) environmentforwhich the models are developed. Rather, the innovation of GS
models would acceleratethe production of new plant varieties for commercialisation.
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The Miscanthus breeding programme itself, comprisingits foundation germplasm, its existing
populations, putative hybrids under development, and expertiseare clearly asignificant asset.
Giventhe highlikelihood of market failures (environmental externalities and publicgood) associated
with Miscanthus breeding, the University wishes to retain thisassetasa publicgood. Some aspects
of the use of germplasmremain subjectto anagreement with athird party.

We have made rapid progress towards plant variety registration, 10varieties were licenced to
Terravestain 2019. The varieties which have pending applications with the CPVO andinthe UK as
plantvarietiesare detailedin Appendix 2. All are progressing as expected and withinthe CPVO and
UK procedural time frames. Itis expected thatadecision on grant will be made in 2022 on some of
the varietiesfiled.

The potential assets relatingto the proposed project and our current programme include:
e Genomicselection models

e Thebreeding programme itself, including associated germplasm and expertise.

e Existingplantvariety rights held and potential futurevarieties

Asset protection

Aberystwyth Miscanthus Varieties are protected through the filing of Plant Variety Rights which
prohibits anyone else using our Miscanthus Varieties without our permission for 1) production or
reproduction, 2) selling or offering forsale, 3) altering the variety so it can be propagated, 4)
exporting orimportingor5) keeping stock of the Miscanthus Variety forany reason. Through
Aberystwyth University’s Research, Business and Innovation department we monitor the Miscanthus
landscape to ensure thatto the best of our knowledge, no third party breaches our plantvariety
rights. If a suspected breachisidentified, furtherdue diligence is carried outand enforcement action
takeniffoundto be a breach of the University’s plant variety rights. The increased knowledge of
combinations and locations of genomicmarkers onthe genomes we develop using GSand the
sequencing pipelines established in Miscanspeed Phase 2would make protection through genetic
fingerprinting more robust, cheaperand more straightforward (in terms of our ability to conclusively
prove that an infringement occurred). The use of registered trademarks to protect variety brand
names will also be considered as part of the overall intellectual property strategy in future.

5.3 Current market demand for assets
During phase 1 we undertook a review of market supply and demandin the UK. Information on
supply side providersis givenin Appendix 4. From the supply side perspective, the current UK
market for Miscanthusis small, with only 2 companies (Terravestaand Miscanthus Nursery Ltd,
MNL) providing commercial planting material (ornamental varieties are widely available). The total
plantedareain Englandin 2020 was stated by Defrato be 8,286 ha (Defra, 2021) and as shownin
Table 1, is notincreasing at a significantrate. Total areasin the devolved nations are assumed to be
small (e.g. we estimate <100hain Wales).

Year 2015 2016 2017 2018 2019 2020
Area (ha) 6,905 7,057 7,366 7,149 8,171 8,286
95% confidence interval | 514 526 1,097 1,290 1,275 2,046
Number of growers 409 361 787 767 731 708

Table 1. UK plantings of Miscanthus/UK land area under Miscanthus cultivation 2015-2020
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Current UK demand

The current demand for Miscanthus biomass significantlyexceeds supply; the main supplierinthe
UK (Terravesta) supplies an average of 50,000 tonnes/yearfrom theircontracted growerstoend
users. Approximately 95% of thisisto whole bale powerstations, with 5% into other markets
including briquettes and equine bedding. Terravesta state that theirexistingend user market (i.e.
whole bale power stations) could take 500,000 T/year. There are 4 whole bale powerstationsin
England, burninglargely cereal straw; Defra (2021) report data from Ofgem of 888,000 tonnes straw
burntin 2020. Whilst Drax no longerburn Miscanthus, as an indication of potential market scale,
Drax imports approximately 7 million tonnes of wood annually. Othercurrent or near-term end uses
are likely to be considerably smaller (e.g. amanufacturing facility might take 50,000 tonnes/year)
and therefore have lessimpact on royalty revenue, but will likely be key to the uptake of Miscanthus
by potential growers local to these facilities. Animal beddingis another significant near-term market;
whilst currently supplied largely by wheat straw, increasing competition for straw from whole bale
power stations (each with a typical capacity of 250,000 tonnes/year) will significantly impact straw
pricesand is already leading to Miscanthus growers supplying local bedding markets. Total UK
demand forstraw foranimal beddingis estimated to be approximately 6 million tonnes (with a total
of 12 million tonnes of cereal straw producedin the UK according to Copeland & Turley, 2008).

Current international demand

As outlinedinsection 2.1, the potential land areas available for perennial biomass crops are
enormous (7-47 Mha estimated by Forsell et al., 2016, Ruiz et al., 2015, Deppermann etal., 2016).
Existing planted areas and supply chains are well developed in certain countries (e.g. the company
Miscanthus d.o.o. has 100ha of rhizome nursery in Croatia of Mxg ‘lllinois’, and plantings are
increasingin Hungary, Austria and the Western Balkans). An Aberystwyth variety, Bia, is undergoing
registration procedures in Moldova. The more favourable economics of clonal plantingin countries
with largerland areas and lower labour costs may limitthe near-term demand for seed-based
varieties, butthe risks that would resultfrom lack of pest and disease resilience are significant.
Whilst many named cultivars are sold, itis likely that the majority of these are triploid Mxg (Dong et
al. 2019); introducing novel clonal varieties would therefore be beneficial in the near-term. We
expectdemand forfuture varieties to followasimilar patterntothat in the UK.

Keyfindings:

e Currentbiomass demand from whole bale power stations in the UK outstrips supply by > 10 fold,
but to date thisis not resultinginsignificantincreasesin the total planted area.

e Theresilience risks resulting from future reliance on small numbers of clonal Miscanthus
varieties are not widely recognised by stakeholders. More diverse clonal options and seed-based
varieties are required to limit risks from pests and disease,as is common practice in willow.

e Ascountriesdeveloptheirpolicies forreaching net-zero, international demand for Miscanthus
varieties will be significantly higherthan thatin the UK marketalone, and there are likely to be
relatively few varieties available from otherbreeders.

5.4 Impact of exploiting these assets on UK biomass production and future
commercial strategy
Future UK market scale
The key factors influencing likely future size of the UK Miscanthus market (whichinturn isassumed
to drive sales of AU Miscanthus varieties and therefore revenueincome) are:
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1. Policy/fiscal measuresintroduced in orderto stimulate uptake by potential growers.

2. Numberand scale of companies developingto meetany resultingdemandin planting.

3. Competition between suppliersinthe UKand beyond (influencing the availability of planting
material).

4. Success of seed-based hybrids; required to both safeguard market against resilience risks from
clonal material, and to prevent availability of planting material becominga limiting factor.

During phase 1 we examined these variables within the UK as summarisedin three scenarios:

Stagnant: Trajectory of a 10% increase in planted area peryearfrom predicted 2022 levels. No
replanting of existing stocks but also no reversionto non-biomass crops. Loosely based on current
markets and existing absence of policy incentives for biomass planting.

Moderate: 20% increase in planted area peryearfrom predicted 2022 levels, with additional
entrants to the marketalso planting clonal varietiesin responsetoincreased availability and
governmentsubsidies. Existing AU varieties planted as clones from 2025, makingup an increasing
market share of plantings by the licence holder. Replanting of existing biomass crops from 2030
owingto higher performing new varieties becoming available. Loosely based on an assumption of
plantingincentives underfuture agricultural subsidy regimes and/orasubstantial fiscal incentive
favouring UK produced biomass (e.g. via carbon pricing or valuation of ecosystem services) leading
to anincrease in companies offering planting and harvesting services.

Accelerated breeding: Asabove, but with seed-based varieties from a GS-accelerated breeding
programme becomingavailable in 2032. These would have amore rapid uptake than clonal varieties
owingtoa) higheryield and/orgreaterviablegrowingarea, b) seed-based providingadded scale up
capacity, c) highervolume markets resulting from better quality varieties.

Important considerations

Our calculations indicatethat none of the above scenarios allow the UK to meet the UKCCCtarget
for perennial biomass crop planting rates of 30,000ha/year by 2035 (assumingthat50% of thisis
Miscanthus). The current trajectory (stagnant) also fails to meet the UK’s 2050 biomass targets. As
evidenced by Defra(2021), the planted area of Miscanthus has remained relatively constant overthe
last5 years, despite a consistent marketing effort by companies offering Miscanthus planting and
supply chainservices. With predicted UK plantings in 2022 of around 500ha (350ha Terravesta,
assumed additional rhizome sales from Miscanthus Nursery Ltd), and an optimistic potential rate of
expansion from this point, the UKCCC 2035 target seems unrealisticunderany set of conditions, and
analysis of the total carbon removal possible (i.e. using a metricof the cumulative tonnages of
biomass produced as opposed toannual increasesin planted area) is warranted. Capacity to meet
2050 targetsis contingenton early and significantinvestment across the biomass supply chain andin
downstream facilities (i.e. carbon capture and storage infrastructure).

Whilstthe limiting factorinthe shorttermis willingness amongst farmers to grow the crop, in the
medium term, availability of planting material is likely to become akey problem (assuming that
clonal propagation remains the principle means of area expansion). Lack of variety choice mightalso
limituptake and wouldincrease risk. The earliest likely point of entry into the market of varieties
from a GS-accelerated breeding programme startingin 2022 is 2032 (although as the synthetic
populations have already undergone improvement this could be sooner), and we would expect
these toleadto a significantand rapidincrease in planted areas from this point, given their likely
superior performance and the relative ease of producing planting materials. We would expect 2050
planted areatargets to be easily reached inthis scenario.
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Future commercial strategy and the impact of implementing genomicselection

As discussed insection 3, plant breeding programmes are long term investments, with costs typically
around £200,000 - £2million/year. New varieties typically take 12-15years to come to market.
However, the return oninvestment for breedingis estimated to be 40:1, compared to 5:1 for
fundamental research and 15:1 for more applied research (DTZ, 2010). The same reportindicates UK
royalty income across all crops to be approximately £40m pa. The current lack of maturityin the
Miscanthus market means that private investment at the scale required to support significant
breedingactivity is not realistic. Furthermore, “climatechangeis a result of the greatest market
failure the world has seen” (Nicholas Stern, 2006). Biomass is key to the UK Government’s climate
ambitionsasit provides the feedstock for over 90% of engineered GHG removal in 2050 scenarios.
As such, publicsupportforperennial biomass crop breedingis keyinthe short-medium termto
mitigate risks. If biomass policy leads to the significant increases in the annually planted areas, the
inherently slow multiplication rates resulting from rhizome-based planting systems mean thata
shortfall in planting material could occur, further highlighting the importance of developing seed-
basedvarieties.

We would expect that marketing and sale of propagation material (rhizomes and seeds) to be
carried out by private sectorcompanies (e.g. those in Appendix4 or new entrants). As such, royalty
income from planted areas will be our key income streaminthe medium-longterm. Ourtargetisfor
UK royalty income to cover one third to half the total costs by 2035, with non-UK royalty income
making up an additional one third, and remaining funding being from publicsources, reflecting the
societal imperative to combat market failures relating to climate change. The key risk to achieving
thisaimis the lack of growthin the Miscanthus market (as illustratedin Table 1). Given the land
areas available in other countries, sales of Aberystwyth varieties outside the UK will be key to future
revenue income; thisis not unrealisticgiven that akey stage of variety developmentis multi-location
trialsin several countries which has the effect of stimulating interest and demonstrating suitabilityin
those environments. As such, Miscanthus represents asignificant export opportunity we would seek
to exploit.

GS will assist thisaiminthree key ways. Firstly, by accelerating the rate of geneticgain, new varieties
will generate highertonnages (with royalties being based on tonnes of biomass harvested).
Secondly, the use of GS will make itsignificantly easierto meetthe uniformity requirements for
CPVOregistration (something which is problematic with the relatively undomesticated germplasm
that constitutes the parentsforourcurrent paired crosses that are currently undergoing
registration). Seed based populations that meet uniformity requirements will allow rapidincreases
inthe planted area. Thirdly, we can expect afasterrate of variety development, including the
incorporation of resilience characteristics that allow further expansion of the planted area. Asa
result, implementing GS will accelerate and increase the amount of royalty income that can be
reinvested in breeding.

The choice between exclusive and non-exclusive licencing depends on market maturity, number of
companies operatinginthe market, and the marketreadiness of the variety (as discussed in
Appendix 3). Changesin these factors willbe taken into account when determining future licencing
strategy.

A range of sources of finance support science atlowertechnologyreadiness levels and in associated
areas of work that are necessary tosupportthe rest of the Miscanthus supply chain, as detailed in
Appendix 5. Pre-breeding work, genomics and trait analysis, and policy related work will also require
ongoing publicfunding. Joint public/privateinitiatives (e.g. InnovateUK) are ideally suited to
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addressing near-marketissues (e.g. agronomy) and private sectorbuyin helps ensure rapid
translation of results into commercial practice, and we intend to continue work of this type
independently of breeding.

Locations and scales of future markets

Whilst the primary aim of our Miscanthus breeding programme is to develop varieties suited to the
UK market, interms of future royalty income, European and International markets are likely to grow
inimportance, fortwo key reasons; a) because of the potential land areas available, asindicated in
section 2.1, and b) the scope to breed in additional resilience traits to Miscanthus thatincrease the
planted areas available. On this latter point, whilst the currently planted Mxg hybrid is relatively
resilientto both droughtand low wintertemperatures, the potentialimpacts of future climate
change must be takeninto account when considering breeding futurevarieties, both for the UK
marketand forinternational exploitation. As discussed in section 3.2, Hastings et al. (2009)
demonstrated an 80% reduction in energy production and carbon mitigation by 2080 if Mxg was
grown, but if genes for drought and frost tolerance were incorporated (with tolerances based on
those found in Miscanthus parental species) the overall energy production could increase by 88%.
Thus whilst Mxg is suited to current conditions, breedingis key to the future use of the crop and
its capacity to contribute to climate change mitigation.

Economic multipliers and the wider supply chain

The widereconomicimpacts associated with increasing supply of Miscanthus have notbeen
analysedinthis projectastheyare assumedto be undertaken by commercial operators. However,
Terravesta figuresindicate that if 1500ha of Miscanthus rhizome were plantedin 2022, the total
establishment supply chain cost is c.a. £1.75 million. This excludes any costs forland preparation
and ongoingagronomy.

Potential for diversifying Miscanthus varieties available in the UK and likely competition to
Aberystwyth varieties

We recognise that particularlyinthe shortterm (<10 years), Mxg and otherclonal varieties could
usefully supply significant volumes of the UK market, potentially in combination with the CEED
encapsulationtechnology licenced by New Energy Farms. However, in order to maintain confidence
inthe marketandto allow consideration of future diseaserisk, it will be important to ensure that
genetically identical cultivars are not marketed under different names, and so some regulationis
neededinthisarea. Thereis considerable scope to diversify the number of clonal varieties
available, and in terms of safeguarding the industry against crop losses from pests and disease,
measures to promote diversity are crucial; in the short term this would be via planting mixtures of
clones as is commercial practice for willow, and in the longerterm via planting of populations of
seed based hybrids, which are inherently more resilient.

The scope for shared risk and multiple intervention points to further accelerate variety
development

Plantbreedingisaninherently slow process (e.g. 12-15 years for a new variety), butitisalsoa
pipeline of development, with new varieties becoming available on aregularbasis due to ongoing
activity. GS will significantly accelerate the geneticgain achieved in the recurrent selection stage of
breeding allowingacycle to be undertaken annually ratherthan every 2-3years as at present.
Furtherinterventions could also accelerate later stagesinthe breeding programme. This might
include supportfor hybrid development and assessment, support for multi-location pre-commercial
trialsenablinglargernumbers of putative varieties to be tested, investmentin seed production
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facilities, and optimised agronomic practices. Owingto the relatively small scale of the current
breeding programme and the costs associated with each step, they are typically carried out
sequentially. However, given the urgency with which the UK needs to scale up biomass production,
serious consideration should be given to a shared-risk model that allows these stages to occur
concurrently in order to further decrease the timescale for new variety development.

6 Final summary

During phase 1 we:

Developedthe approachto GS that will be required in our commercial breeding programme,
tested some of its key limitations, and demonstrated thatit has a high likelihood of success
for key species and traits of interestin the generation of future Miscanthus varieties

Planned implementation of phase 2, developed protocols to facilitate speed breeding,
analysed logistics of populations and plant movements required.

Reviewed ourassets, approach to commercialisation, current and future markets.

Key conclusions
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1. UK biomass demand outstrips domesticsupply by several orders of magnitude, and has

done for many years. Given UK policy commitments on the role of biomassin meeting net-
zero carbon emissions,demand will likely continue toincrease. Policy intervention seems
necessary to stimulate domestic production and would have significant economicand
environmental benefits beyond decarbonisation.

Whilstinthe short term, moderate increasesin planted area could be met by clonal material
(assumedto be largely Mxg, with a handful of cultivars from other countries and asmall
market share of Aberystwyth varieties), significant and rapid expansion will require novel
technologies and crop diversity, including seed-based hybrids, both in orderto meetthe
volumes of planting materialrequired, and to limit the resilience risks that would result from
reliance ona single clone as the UK’s climate changes.

With the likelihood of rapid increasesin demand in the nearfuture, accelerated genomic
breedingis the only technology to offera step change in the speed of delivery of new
Miscanthus varieties to meet the market need for planting materials at the scale needed,
diversity of varieties, improved resilience traits and higheryield.

GS-accelerated breeding of Miscanthus by itselfwill be insufficient to meet the UKCCC
planting targets. Multiple interventions across the Miscanthus and willow supply chains
will be required for biomass to deliverits role in net-zero and to meetthe UK
Government’s legal commitments.
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Appendix 2 — CPVO registration search
A search of the CPVO registercarried outin December 2021 showed 16 varieties with rights granted, all of which are ornamental. Afurther 17 varieties are
underactive application. Of these, 7are Aberystwyth varietiesintended as biomass crops, with the remaining 10 being ornamental varieties. A check to see
if varietiesrefused, terminated or withdrawn were biomass crops or ornamental was not undertaken.

Denomination Species Grantnumber Status Applicant(s) Application | Applicatio | Orname
date nnumber | ntal
Aphrodite Miscanthus xgiganteus J. M. Greef & Deuter ex Hodk. & Renvoize (M. Active Aberystwyth University; Ceres 27/11/2020 | 20203045
sacchariflorus x M. sinensis) application Inc.
Artemis Miscanthus xgiganteus J. M. Greef & Deuter ex Hodk. & Renvoize (M. Active Aberystwyth University; Ceres 27/11/2020 | 20203043
sacchariflorus x M. sinensis) application Inc.
Astraea Miscanthus x giganteus J. M. Greef & Deuter ex Hodk. & Renvoize (M. Active Aberystwyth University; Ceres 24/12/2018 | 20183177
sacchariflorus x M. sinensis) application Inc.
Atropos Miscanthus xgiganteus J. M. Greef & Deuter ex Hodk. & Renvoize (M. Active Aberystwyth University; Ceres 24/12/2018 | 20183176
sacchariflorus x M. sinensis) application Inc.
Bia Miscanthus xgiganteus J. M. Greef & Deuter ex Hodk. & Renvoize (M. Active Aberystwyth University; Ceres 29/11/2019 | 20193246
sacchariflorus x M. sinensis) application Inc.
Boreas Miscanthus xgiganteus J. M. Greef & Deuter ex Hodk. & Renvoize (M. Active Aberystwyth University; Ceres 27/11/2020 | 20203044
sacchariflorus x M. sinensis) application Inc.
Brontes Miscanthus xgiganteus J. M. Greef & Deuter ex Hodk. & Renvoize (M. Active Aberystwyth University; Ceres 27/11/2020 | 20203046
sacchariflorus x M. sinensis) application Inc.
EMPMIS03 Miscanthus sinensis (Thunb.) Andersson Active Piro Newplants B.V. 16/10/2020 | 20202554 | yes
application
Fire Dragon Mi's canthus sinensis (Thunb.) Andersson Active Christel Lewandowski-Menzel; 13/03/2019 | 20190682 | yes
application Klaus Menzel
Ladyin Red Mi's canthus sinensis (Thunb.) Andersson Active Krzys ztof Slowinski 16/10/2020 | 20202557 | yes
application
Nica 20 Miscanthus sinensis (Thunb.) Andersson Active Kwekerij Mesker 17/11/2020 | 20202900 | yes
application
Red Zenith Miscanthus sinensis (Thunb.) Andersson Active Brian Robinson 30/03/2021 | 20210912 | yes
application
Rica 20 Miscanthus sinensis (Thunb.) Andersson Active Kwekerij Mesker 17/11/2020 | 20202899 | yes
application
Sica 20 Mi's canthus sinensis (Thunb.) Andersson Active Kwekerij Mesker 17/11/2020 | 20202901 | yes
application
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SilverCharm Miscanthus sinensis (Thunb.) Andersson Active Artur Maj 03/05/2021 | 20211215 | yes
application
Sunlit Satin Miscanthus sinensis (Thunb.) Andersson Active Brian Robinson 31/03/2021 | 20210947 | yes
application
VICA 21 Miscanthus sinensis (Thunb.) Andersson Active Kwekerij Mesker 11/10/2021 | 20212547 | yes
application
Andenken anErnst Mi's canthus sinensis (Thunb.) Andersson 48574 Granted Gerhard Mihring 09/06/2015 | 20150862 | yes
Pagels
Ards Angel Mi's canthus sinensis (Thunb.) Andersson 48569 Granted Johannes Nicolaas Mesker 22/12/2014 | 20143538 | vyes
Boucle Miscanthus sinensis (Thunb.) Andersson 57849 Granted Artur Maj 11/09/2018 | 20182335 | yes
Brazil Miscanthus sinensis (Thunb.) Andersson 48570 Granted Johannes Nicolaas Mesker 22/12/2014 | 20143539 | yes
EMPMISO01 Miscanthus sinensis (Thunb.) Andersson 48575 Granted Piro Newplants B.V. 20/04/2015 | 20150874 | vyes
EMPMIS02 Miscanthus sinensis (Thunb.) Andersson 54917 Granted Piro Newplants B.V. 29/01/2017 | 20170249 | vyes
Gold Bar Mi's canthus sinensis (Thunb.) Andersson 24450 Granted SunnyBorder NurseriesInc. 17/11/2003 | 20032132 | yes
Gold Breeze Miscanthus sinensis (Thunb.) Andersson 42376 Granted Maurice Horn; Mike Smith; Scott | 20/09/2012 | 20121985 | yes
Christy
Ibiza Miscanthus sinensis (Thunb.) Andersson 48571 Granted Johannes Nicolaas Mesker 22/12/2014 | 20143541 | yes
Little Miss Miscanthus sinensis (Thunb.) Andersson 51518 Granted Christel Lewandowski-Menzel; 31/08/2016 | 20162103 | yes
Klaus Menzel
Little Zebra Miscanthus sinensis (Thunb.) Andersson 24951 Granted Hortech Inc. 02/06/2003 | 20030776 | yes
Lottum Mi's canthus sinensis (Thunb.) Andersson 29011 Granted GeertHeinemans B.V. 17/08/2006 | 20061707 | yes
Navajo Miscanthus sinensis (Thunb.) Andersson 48572 Granted Johannes Nicolaas Mesker 22/12/2014 | 20143542 | yes
NCMS2B Mi's canthus sinensis (Thunb.) Andersson 54365 Granted North Carolina State University 01/08/2017 | 20171898 | yes
Polonus Miscanthus sinensis (Thunb.) Andersson 58115 Granted Artur Maj 19/10/2018 | 20182649 | yes
Yaka Dance Miscanthus sinensis (Thunb.) Andersson 48573 Granted Johannes Nicolaas Mesker 22/12/2014 | 20143543 | yes
Cute One Mi's canthus sinensis (Thunb.) Andersson Refused Johannes Nicolaas Mesker 22/12/2014 | 20143540 | yes
Parachute Miscanthus Andersson Refused Leenen InnovationB.V. 25/08/2003 | 20031397 | -
Silverstripe Mi's canthus sinensis (Thunb.) Andersson Refused Kwekerijde MorgenV.O.F. 07/06/2004 | 20041040 | -
Miscanthus sinensis (Thunb.) Andersson Refused Bakhuijzen Companie B.V. 16/09/2010 | 20101842 | -
America Mi's canthus sinensis (Thunb.) Andersson 30724 Terminated Overdam Planteskole 06/06/2008 | 20081266 | -
Apache Mi's canthus sinensis (Thunb.) Andersson 37274 Terminated Teresa Foszczka 20/12/2010 | 20102855 | -
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MAF 0109 Miscanthus sinensis (Thunb.) Andersson 33378 Terminated S6éren Vodder 17/06/2009 | 20091129

Mobri Miscanthus sinensis (Thunb.) Andersson 45562 Terminated Michael Merz 03/04/2014 | 20140918

Mysterious Maiden | Miscanthus sinensis (Thunb.)Andersson 31625 Terminated JACK WEISKOTT; JACKWEISKOTT | 30/06/2008 | 20081514

NCMS1 Miscanthus sinensis (Thunb.) Andersson 54364 Terminated North Carolina State University 01/08/2017 | 20171897

Supstripe Miscanthus sinensis (Thunb.) Andersson 26394 Terminated Darrell R. Probst 01/09/2006 | 20061775

Aperitif Miscanthus sinensis (Thunb.) Andersson Withdrawn Beate Zillmer 11/12/2012 | 20122357

Aperitif Miscanthus sinensis (Thunb.) Andersson Withdrawn Reinhard Meier-Zillmer 13/09/2010 | 20101773

Aphrodite Miscanthus xgiganteus J. M. Greef & Deuterex Hodk. & Renvoize (M. Withdrawn Aberystwyth University; Ceres 24/12/2018 | 20183178
sacchariflorus x M. sinensis) Inc.

Artemis Miscanthus x giganteus J. M. Greef & Deuter ex Hodk. & Re nvoize (M. Withdrawn Aberystwyth University; Ceres 24/12/2018 | 20183175
sacchariflorus x M. sinensis) Inc.

Athena Miscanthus xgiganteus J. M. Greef & Deuter ex Hodk. & Renvoize (M. | Withdrawn Terravesta |PLtd. 28/11/2018 | 20183090
sacchariflorus x M. sinensis)

Boreas Miscanthus xgiganteus J. M. Greef & Deuter ex Hod k. & Re nvoize (M. Withdrawn Aberystwyth University; Ceres 29/11/2019 | 20193249
sacchariflorus x M. sinensis) Inc.

Brontes Miscanthus x giganteus J. M. Greef & Deuter ex Hodk. & Renvoize (M. Withdrawn Aberystwyth University; Ceres 29/11/2019 | 20193247
sacchariflorus x M. sinensis) Inc.

Feuerwerk Miscanthus sinensis (Thunb.) Andersson Withdrawn Beate Zillmer 11/12/2012 | 20122358

Mica 06 Miscanthus sinensis (Thunb.) Andersson Withdrawn Johannes Nicolaas Mesker 02/10/2019 | 20192544

MSU MFL1 Miscanthus xgiganteus J. M. Greef & Deuter ex Hodk. & Renvoize (M. Withdrawn Mississippi State University 15/06/2012 | 20121264

sacchariflorus x M. sinensis)
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Appendix 3 —review of typical approaches to commercial plant
breeding

Historically, plant breedingin the UKand othercountries was a publicendeavour. During the 1980s
most of the publicbreeding programs were sold or arrangements were made for near market costs
to be absorbed by commercial companies. Breeding for the commercial marketis now generally
undertakenviaone of the following models:

e Commercial breeding. For crops with sufficient volumes of annual seed sales globally,
breeding can be financed largely via reinvestment of seed company revenues. Examples
include some of the world’s largest seed companies such as KWS (maize, sugarbeet) and
Limagrain (cereals, maize, oil seeds). KWS state that their 2020/21 investmentin breeding
was 232 million euros.

e Company collaborations. Programmes undertaken by several companiesin collaboration
(e.g.the UK seed company Elsoms collaborates with French and German companieson
maize and wheatvarieties).

e Publicsectorbreeding with sponsorship arrangements for variety rights. Companiesinvestin
breeding programmes based in publicinstitutes, within adefined scope, inreturnfor
exclusiverights to new varieties. Aberystwyth University currently operates its oat breeding
programme with Senova using this model. This approach works wellfor crops with relatively
limited marketsize intheirtarget countries, and where supply chain companies are of a
scale where itisrealisticforthemto commitfinancestoa breeding programme for periods
inexcess of 5 years.

e Publicsectorbreedingwith open competitionfornew variety rights. Limited availability of
finance prevents this model operating at scale, hence itis typically aprecursorto one of the
otherfinancing models.

e Publicsectorbreedingand marketing. Rarely undertaken nowinthe UK, but was the
mainstay of many crops (e.g. Maris potatoes). Remains an option for orphan crops.

Significant ‘pre-breeding’ work is also undertaken, in the UK thisis largely via publicbreeding
institutions. The aim of this workis to analyse traits that are not presentinthe germplasm
underpinningcommercial breeding programmes, oftenin orderto bringin diverse traits that are not
presentinelite varieties. The Defrafunded GeneticImprovement Networks (GIN) are an example of
this; expertswork on geneticimprovement of specific crops (wheat, field and leafy vegetables, pulse
crops and oilseed rape). Each network has breedingindustry representation and is aimed at
characterising pre-breeding materialin relation to stress and resilience traits.

Breedinginvolves significant financial risk (breeders might commonly work with over 10,000 crosses
to develop asingle commercial variety overalongtime period (e.g. 15years of development and
testingbefore avarietyisonarecommended list)as discussed by the Intellectual Property Office
(PO, 2016). The IPO estimate thatlevels of investment to maintain abreeding programme at
between £200,000 and £2 million/year. However, the return oninvestmentforbreedingis
estimated tobe 40:1, comparedto 5:1 forfundamental research and 15:1 for more applied research
(DTZ,2010). The same reportindicates UK royalty income across all crops to be approximately £40m
pa.

The currently planted varieties of Miscanthus (triploid Mxg and more recently Athena)are not
registered and protected (and therefore do notresultin any royalty payments to AU or have
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restrictions on use). The lack of royalty income accruing from existing sales means that commercial
breedingisnota nearterm prospect; new varieties are thereforerequired to finance future
breedingin addition to beingrequired to expand the UK planted area.

In general, commercial plant breedingis financially constrained by two key factors. Firstly, revenueis
limited by the amount of land dedicated to the crop. Given the need to maintain UK food supplies,
Miscanthus should only be grown onland less suited tofood production, estimated to be up to
approximately 1.4million ha, so this limits potential revenueincome for breeding. Exporting
varieties can extend the opportunity, and given that Aberystwyth is clearly amarketleaderin
Miscanthus breeding, we would aim forthisto be a significantelement of future revenue. Secondly,
the economichealth of plantbreedingis linked directly to that of the growers and producers.
Fluctuationsin commodity prices therefore will impact onrevenue generation (and given afinite
land area, fluctuationsin markets for other crops will impact on planted areas of Miscanthus and
therefore revenues).

Production and sale of propagation material (rhizomes and seed): As stated above, publicsector
breedingand marketingis a potential option. However, given that large scale seed productionis best
carried out in southern latitudes and specialist seed production companies exist, we would expect
this activity to be better undertaken by the private sector. Similarly, the Western UK is not ideal for
rhizome production, and as such we anticipate thisactivity to be best carried out by a suitably
located company, as occurs at presentin Europe. As such, Aberystwyth University does notintend to
market and sell Miscanthus varieties directly, rather we anticipate licencing agreementsinreturn for
royalty income.

Exclusive versus non-exclusive licences: The choice of licencing model depends onthree keyissues:

1. Overall market maturity: in asituation where farmers/growers are already wellaware of the
benefits of the crop and relatively little marketing is required on the part of companies with
access to varieties, non-exclusive licencing may be possible. However, if significant company
investmentisrequired to develop markets, itis reasonable for companies to demand
exclusivelicences.

2. Numberof companiesoperatinginthe market:if the marketis well established and multiple
companies exist with the capacity to exploit a new variety, non-exclusive licences may be
appropriate, butif there are few potential licensees then incentivising asingle company to
investand supportthe technologyis preferable.

3. Market readiness of the variety:if the variety has already undergone CPVO trials and is
ready to be marketed as a variety, non-exclusive licencing may allow fasterincreasesin
planted areas, butif the variety has not yet been registered and/orseed production facilities
are notdeveloped, companies will likely require exclusiverights in orderto justify
investment.

The need for publicinvestmentin plant breeding

Market failuresinrelation to plant breeding are well documented (DTZ, 2010, Defra 2002), bothin
terms of the provision of publicgoods and the existence of environmental externalities.

Provision of publicgoods: These are the co-benefits arising from a product that are accrued by
someone otherthanits producer. Inthe example of domestically produced biomass, the co-benefits
to society would includeimproved flood resilience, biodiversity and soil carbon sequestration. Whilst
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it isdifficult to attribute economicvaluesto publicgoods, the economicvalue of avoided flooding
alone thataccrues from planting perennialenergy cropsisthoughtto be between £14/ha/yearand
£1525/ha/year dependingon location (Holderetal., 2019; Donnison etal., 2020). It isimportantto
note that if biomassisimported as opposed to growninthe UK, these publicgoods do notaccrue in
the UK. Clearly, the avoided CO, emissions that result from using bioenergy crops are a highly
significant publicgood thatis accrued regardless of whether biomassisimported or domestically
grown, and the UK carbon valuesin 2021 are between £122 and £367/tonne CO, (BEIS, 2021).

Environmental externalities: These are side effects of the industry concerned, that are paid for by
society ratherthan the market. Forexample, inthe case of perennial biomass crops specifically,
highereconomicreturnsto growers would result from growingthe crop on high quality land rather
than marginal land. Thisis clearly not a desirable approach for society, and as such the focusin the
Aberystwyth breeding programme is to develop varieties that yield well on marginal land and do not
require fertiliserinputs.

Theyield and productivity benefits from plant breeding also have indirect benefits beyond
economics, as reviewed by Noleppa (2016). These include a) increased availability of commodities,
b) improved trade balance, c) avoided CO, emissions (assuming that an increasedyield/hareduces
pressure to convertlandto agricultural purposes).

The nature of assets and intellectual property within plant breeding

Plantvarietiesare aform of intellectual property, protected by law in the UK and Europe as Plant
Variety Rights (PVR) or Plant Breeders Rights (PBR). Royalties forannual crops are collected viatwo
systemsin the UK; a charge on the cost of seed or propagation unit at point of sale, or by royalty
area collection (RAC). Which method of collection is decided by the breederat the time of entry to
DUS testing. Inthe UK, royalties are collected by the British Society of Plant Breeders (BSPB, 2021).
RAC was developed with the intention tointroduce a unified royaltyrate forcertified and farm-
saved seed andis characterised by farmer declarations of areas sown. For perennial crops, an
additional royalty collection mechanism based on declared tonnages harvested (i.e. end product
licence fees)can be builtinto licence agreements (and thisis part of the agreement underwhich
Aberystwyth varieties are licenced).

Whilst plant traits are technically patentable, in orderto do this one would need to demonstrate
thatithad not been produced by an ‘essentially biological process’. To date, European case law
wouldindicate that traits arising from selecting plants for crossing (i.e. including via GS methods) are
not patentable, whereas atransgenicplantwould be. Protecting traits via patentsis therefore nota
form of protection we are seeking to exploitin the Miscanthus breeding programme.

In othercrops, the innovation of GS does not have commercial value; the key exploitableresultis the
new improved varieties thatare bred. The underlying genome selection models are spe cificto the
populations and environments in which they are generated so have little value to others. Notably
some companies offering sequencing services also offer services relating to the models themselves.

The breeding programme itself, comprisingits foundation germplasm, populations, varieties under
development, and expertise are clearly asignificant asset that has value (as evidenced by the
purchasing of programmes and ongoinginvestmentsinthem elsewhereinthe plantbreeding
sector).
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Appendix 4 — supply side Miscanthus companies

Discussions with Miscanthus supply chain companies contacted during phase 1are summarised
below:

Terravesta: Established in 2012, the business has steadily grown to become recognised as a world
leading Miscanthus specialist. They have an annual turnover of £5.5 million, and 16 permanent staff.
They offera growers 10-15 year contract model wherebythey buy Miscanthus from farmersfora
fixed price (RPIXlinked) and sellitontoendusers. In 2021 they had 5,000 hectares undercontract
with 205 growers, and end user contracts with 2 straw fired power stations (Brigg, Snetterton).
Terravestaalso operate in Europe with rhizome nurseriesin Poland,and seed production facilities in
Spain. The seed production facilities are overseen by Energene Seeds Ltd. Terravesta Poland was
established in 2021 to manage growthin Europe and support EU trade relationships. Terravestais
also active in Moldova, with the expectation of 2000 ha of Miscanthus being planted (as feedstock
for biomass boilers fora district heating system). Terravesta have an active interestin new seed-
based hybrids and have made significantinvestments in underpinning research on pre -commercial
trials, agronomy developmentand seed production facilities. They have exclusive rights on
Aberystwyth varieties currentlyundergoing registration testing (detailed in Appendix 3).

Miscanthus Nursery Ltd: Plant/sell Mxg rhizomes and provide after-sales agronomy support, in
collaboration with New Energy Farms. Not currently engaged in Miscanthus breeding or variety
development. Companies house listings indicates its status as a micro-company.

New Energy Farms: Their main productisan encapsulation technology (CEEDS) which contains
primed planttissue together with growing media. They collaborate with Miscanthus Nursery Ltd on
Miscanthus plantingand developmentand did not wish to disclose dataon how many hectaresthey
had planted. Companies houselistingsindicate its status as a micro-company. They would like to
have access to future Miscanthus material on non-exclusive terms, and their maininterestisin
vegetative propagation (as opposed to seed-based hybrids). Not currently engaged in Miscanthus
breedingorvariety development but seek toimport clonal material from other countries.

Crops for Energy: Provider of willowand Miscanthus varieties (predominant businessinterestis
willow). Offers Mxg rhizomes (via arelationship with Miscanthus Nursery Ltd). Provides after-sales
agronomy supportand consultancy. Not currently engaged in Miscanthus breeding orvariety
development. Anticipates continuing asimilarbusiness model in the future.
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Appendix 5 - Sources of funding for R&D underpinning the
Miscanthus supply chain

Aberystwyth’s work on Miscanthus spans multiple areas of activity, as summarised below.

Activity type TRL Revenue Example activities
sources

Fundamental 1-3 UKRI RM, BBSRC | Geneticand phenotypiccharacterisation of key traits,

research Institute elucidatingthe underlying biology and physiology of
Strategic the plantacross its life cycle, chemistry and
Funding compositional analysis. Genome sequencing.

Pre-breeding 1-4 UKRI RM, BBSRC | Trait elucidation, initial genomicselection
Institute experiments.

Strategic
Funding

Breeding 3-7 Public/private New variety production based on our extensive
initiatives, germplasm collection. Approachesincluded recurrent
Royalty Income | selection, paired crossing, open crossing, hybrid

creation, multi-location trials.

Agronomy 1-7 Innovate UK, Development of seed production, planting,
public/private establishment, ongoing agronomy through the crop
initiatives, life cycle
H2020

End uses 2-5 Innovate UK, Applied and fundamental research intothe end uses
public/private of the plant, including combustion, anaerobic
initiatives, digestion, andincorporation into bio-based products
H2020 including construction materials.

Commercial 7+ Private Multi-location trials at field scale, bulk seed

upscaling investment, productionin commercial crossing blocks, marketing,
InnovateUK, IP protectionand CPVO registration trials.

H2020

Environmental 1-3 UKRI, UK Gov Carbon balance, impacts on biodiversity, flooding, use

context on contaminated land, ecosystem services

Policy N/A | UKRI, UK Gov Synthesis of the above, modelling to support policy

development

design
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